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SENSOR FOR TRANSCUTANEOUS MEASUREMENT 
OF VASCULAR ACCESS BLOOD FLOW 

CROSS REFERENCE TO RELATED APPLICATION(S) 

[0001] This application is a continuation-in-part of Application Ser. No. 

09/750,076, filed December 29, 2000; and a continuation-in-part of Application No. 
09/771,596, filed January 30, 2001, which is a continuation of Application No. 09/244,756, 
filed February 5, 1999, now U.S. Patent No. 6,181,958, which claims the benefit of 
Provisional Application No. 60/073,784, filed February 5, 1998), all of which are 
incorporated herein by reference in their entireties. 

FIELD OF THE INVENTION 

[0001] The present invention relates to apparatus for non-invasively measuring one or 

more blood parameters. More specifically, the invention relates to apparatus for the 
transcutaneous measurement of vascular access blood flow ("TQA") that is capable of 
generating accurate TQA measurements, even when the volume of access being 
measured is extremely small in size or extremely deep or when the access is of 
varying nature, such as a synthetic or native fistula. Further, it is possible to infer 
additional information about the access area, such as collateral veins or competing 
vessels. 

BACKGROUND OF THE INVENTION 

[0002] Access blood flow for hemodialysis patients can now be measured non- 

invasively through a novel photo-optic transcutaneous technique as described in co- 
pending Application Ser. No. 09/750,122, filed December 29, 2000 (which is 
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incorporated herein by reference in its entirety), using a transcutaneous TQA sensor 
as disclosed in Application Ser. No. 09/750,076, filed December 29, 2000 (which is 
also incorporated herein by reference in its entirety), and more particularly, the 
transcutaneous TQA sensor described in connection with FIGURES 2-6 thereof 
(hereinafter, "the prior art linear sensor"). 

[0003] With reference to FIGURES 1, 2, and 2A, the prior art linear sensor 10 

includes two light emitting sources (emitters) 12a and 12b, preferably light emitting 
diodes (LEDs) of specific wavelengths, and two complementary silicon photodiode 
detectors 14a and 14b alternatingly arranged in a straight line at identical intervals to 
form three LED/detector pairs with identical separations between the members of 
each pair, for the purpose of measuring the bulk absorptivity (a) of the volume 
immediately surrounding and including the access site A, and the absorptivity (oQ of 
the tissue itself. The LEDs preferably emit light at a wavelength of 805 nm - 880 nm, 
because it is near the known isobestic wavelength for hemoglobin, is commercially 
available, and has been shown to be effective in the optical determination of whole 
blood parameters such as hematocrit and oxygen saturation. 

[0004] The technique is accomplished by directly placing the prior art linear sensor 

10 on the skin of a patient with the aligned emitters 12a and 12b and detectors 14a 
and 14b perpendicular to the vascular access site A, and measuring the back-scattered 
light from a turbid tissue sample to determine the percentage change in hematocrit AH 
as a bolus of saline passes through the access vessel. 
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[0005] When the prior art linear sensor 10 is placed on the surface of the skin, each 

LED 12a and 12b illuminates a volume of tissue T, and a small fraction of the light 
absorbed and back-scattered by the tissue and red blood cells is detected by its 
adjacent photodetector 14a or 14b, which generates a detection signal. When the 
volume of tissue illuminated includes all or even part of the access A, the resultant a 
value includes information about both the surrounding tissue T and the access itself. 
In order to resolve the signal due to blood flowing within the access A from that due 
to the surrounding tissues T, the prior art linear sensor 10 illuminates adjacent tissue 
regions T on either side of the access A. Values of Oq for tissue regions T not 
containing the access A are then used to normalize the signal, thus providing a 
baseline from which relative changes can be assessed in access hematocrit in the 
access blood flowing directly under the skin. The intensity of the signal produced by 
each photodetector 14A or 14B is proportional to the total absorption and scattering 
within a given volume of tissue between each detector 14a or 14B and its adjacent 
LED 12a or 12b. During saline dilution, only the hematocrit inside the access A 
varies, and the detected signal changes are solely dependent upon the optical property 
changes within the small volume of access viewed by the sensor 10. 

[0006] By correcting the signal in the volume containing the access A with the 

average reference signal in the volumes without access, the sensor 10 provides a 
signal solely dependent on the hematocrit flowing in the access. Then, traditional 
Ficke principle mathematics can be used to calculate the blood flow rate using the 
following equation: 
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Qa = 




[0007] 



For a given separation between LED and photodiode in the sensor 10, the 



volume of tissue illuminated and viewed by the prior art linear sensor 10 is relatively 
constant and the signal-to-noise ratio of this technique depends on the volume of 
access included inside the tissue volume. When the volume of access included inside 
the tissue volume is small enough due to extremely small size or excessive depth, the 
signal-to-noise ratio falls to a level that would not generate accurate measurement 
results. It would accordingly be desirable to improve the signal-to-noise ratio so that 
accurate measurements can be taken even when the access is extremely small or very 
deep. 

[0008] According to W. Cui ("Photon Diffusion Theory and Noninvasive Tissue 

Optical Property Measurement," PhD. Thesis, Biomedical Engineering Department, 
Rensselaer Polytechnic Institute (1990)), the principle path of diffused photons in a 
turbid medium is in the gradient direction of the photon density distribution, which is 
perpendicular to the contour surfaces. Along this direction, photons consistently 
travel all the way from the LED to the detector in a curved path. In a later study, W. 
Cui et al ("Experimental Study of Migration Depth for the Photons Measured at 
Sample Surface," SPIE, Vol. 1431, pp 180-191 (1991)) further showed that the 
photon flux path from LED to detector has a "banana" shape that reaches deepest into 
the tissue at the mid-portion of the "banana." More significantly, in this "banana"- 
shaped photon path, there is a region in the middle between LED and detector near the 
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tissue surface that is totally outside the detected photon flux path. This means that 
anything in this region will not interact with the photons that reach the detector and 
will never be "seen" by the detector. This finding was verified by S. Feng et al 
("Monte Carlo Simulations of Photon Migration Path Distributions in Multiple 
Scattering Media," SPIE, Vol. 1888, pp 78-89 (1993)), using both analytical 
perturbative diffusion theory and Monte Carlo simulations. This phenomenon also 
explains the clinical observations that with a visually observable shallow graft, no 
significant difference in a is detected with the injection of a saline bolus. 

[0009] The configuration of the prior art linear sensor 10 allows it (or more precisely, the 
aligned LEDs 12a and 12b and the detectors 14a and 14b) to be perpendicular to the 
access A and the photon flux F to travel across the access to generate an illuminated 
volume of access within the illuminated tissue volume, as shown in FIGURES 1 and 
2. For a graft in the center of the photon flux path F, the volume of the access viewed 
by the prior art linear sensor 10 is limited to the cross-section of the graft and the 
photon flux path F as indicated by FIGURES 1 and 2. For a graft that is nearly out of 
the photon flux path F (because it is too shallow, as shown in FIGURE 2A, or too 
deep) the volume of access "seen" by the prior art linear sensor 10 is so small that the 
signal-to-noise ratio is too low to give accurate measurements. 

[00010] It is to the solution of this and other problems that the present invention is 
directed. 
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BRIEF SUMMARY OF THE INVENTION 

[00011] It is therefore a primary object of the present invention to provide apparatus 
for non-invasively measuring one or more blood parameters associated with a 
vascular access, even when the volume of access being measured is extremely small 
in size or extremely deep. 

[00012] It is another object of the present invention to provide a sensor for 
transcutaneous TQA measurement that is capable of generating accurate TQA 
measurements, even when the volume of access being measured is extremely small in 
size or extremely deep. 

[00013] This and other objects of the invention is achieved by the provision of an 
optical sensor including two pairs of complementary emitter and detector elements, 
wherein the pairs of emitter and detector elements define two lines at right angles to 
each other, for the purpose of measuring the bulk absorptivity (a) of the volume 
immediately surrounding and including the access site, and the absorptivity (cc 0 ) of the 
tissue itself. 

[00014] In one aspect of the invention, one of the pairs lies to one side of the line 
defined by the other of the pairs, such that the two pairs of emitter and detector 
elements form a "T" shape. 



[00015] In another aspect of the invention, each pair of emitter and detector elements 
comprises an LED of specific wavelength and a complementary photodetector. A 
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wavelength of 805 nm - 880 nm, which is near the known isobestic wavelength for 
hemoglobin, is used. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[00016] FIGURE 1 is a bottom diagrammatic view of a prior art TQA sensor in place 
over a vascular access site. 

[00017] FIGURE 2 is a cross-sectional view taken along line 2-2 of FIGURE 1 . 

[00018] FIGURE 2A is a cross-sectional view of a prior art TQA sensor in place over a 
very shallow vascular access site. 

[00019] FIGURE 3 is a bottom plan view of a TQA sensor in accordance with the 
present invention. 

[00020] FIGURE 4 is a top plan view of the TQA sensor of FIGURE 3. 

[00021] FIGURE 5 is a side elevational view of the TQA sensor of FIGURE 3. 

[00022] FIGURE 6 is a cross-sectional view taken along line 6-6 of FIGURE 3. 

[00023] FIGURE 6A is enlarged view of the area 6A of FIGURE 6. 

[00024] FIGURE 7 is a cross-sectional view taken along line 7-7 of FIGURE 3. 

[00025] FIGURE 8 is a top plan view of the substrate of the TQA sensor of FIGURE 
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[00026] FIGURE 9 is bottom plan view of the substrate of FIGURE 8 and the circuitry 
thereon. 



[00027] FIGURE 10 is a bottom diagrammatic view of the TQA sensor of FIGURE 3, 
in place over a vascular access site. 

[00028] FIGURE 1 1 is a cross-sectional view taken along line 1 1 - 1 1 of FIGURE 10. 

[00029] FIGURE 12 is a cross-sectional view taken along line 12-12 of FIGURE 10. 

[00030] FIGURE 13 is a graph comparing the signal change detected by the TQA 
sensor of FIGURE 3 to the signal change detected by the prior art TQA sensor of 
FIGURE 1. 

DETAILED DESCRIPTION OF THE INVENTION 

[00031] In describing preferred embodiments of the present invention illustrated in the 
drawings, specific terminology is employed for the sake of clarity. However, the 
invention is not intended to be limited to the specific terminology so selected, and it is 
to be understood that each specific element includes all technical equivalents that 
operate in a similar manner to accomplish a similar purpose. 

[00032] Referring now to FIGURES 3-7, there is shown a sensor 100 for the 
transcutaneous measurement of vascular access blood flow in a hemodialysis shunt or 
fistula A in accordance with the present invention. The sensor 100 comprises a body 
102 having upper and lower surfaces 102a and 102b, a surrounding exterior cover 
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104, a first emitter/detector element pair 106a- 106b set into the exterior cover 104 on 
the lower surface of the body 102, and a second emitter/detector element pair 108a- 
108b set into the exterior cover 104 on the lower surface of the body 102. Preferably, 
the emitter elements 106a and 108a are LEDs of specific wavelengths, preferably, a 
wavelength of 805 nm - 880 nm; and preferably, the detector elements 106b and 108b 
are silicon photodiode detectors that are complementary to the LEDs. 

[00033] The pairs of emitter and detector elements 106a- 106b and 108a- 108b define 
two lines LI and L2 at right angles to each other. One of the pairs lies to one side of 
the line defined by the other of the pairs, such that the lines LI and L2 defined by the 
two emitter/detector element pairs 106a-106b and 108a-108b form a "T" shape. The 
emitter/detector element pair 106a- 106b that defines the cross-bar of the "T" shape 
(the "sensing" emitter/detector element pair) is placed over and parallel to the access 
A and measures the bulk absorptivity a of the volume of the access site and the 
volume immediately below the access site. The emitter/detector element pair 108a- 
108b that defines the stem of the "T" shape (the "normalizing" emitter/detector 
element pair) thus is placed to one side of and perpendicular to the access A and 
measures the absorptivity a 0 of a tissue region T that does not contain the access A. 

[00034] It does not matter which element of the normalizing emitter/detector element 
pair 108a- 108b is the element that is closer to the sensing emitter/detector element 
pair 106a- 106b, as long as the geometry and spacing between the elements of the 
individual pairs are maintained. When the geometry and spacing between the 
elements of the individual pairs are maintained, the light path is symmetric and the 
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placement of the emitter element and the detector element in each pair can be reversed 
with impunity. 



[00035] With the "T" shape of the sensor 100, the sensing emitter/detector element 
pair 106a- 106b is parallel to the access A and the photon flux path F is along the 
access line as shown in FIGURES 10-12. For a graft within a normal photon flux 
path, the volume of access viewed by the detector element 106b of the sensing 
emitter/detector element pair 106a- 106b is larger than the volume viewed by the 
detectors 14a and 14b in the prior art linear sensor 10 of FIGURES 1, 2, and 2A. The 
sensor 100 hence increases the detection limit and sensitivity of the measurements, as 
shown in FIGURE 13. For those grafts that are nearly undetectable with the prior art 
linear sensor 10 configuration of FIGURES 1, 2, and 2A, the advantage of the "T"- 
shaped sensor 100 in accordance with the present invention is more significant, 
because the volume of access viewed by the detector is much larger at both ends of 
the "banana" shaped photon flux path F, as shown in FIGURE 9. This increase in 
volume of access viewed makes the "T"-shaped sensor 100 in accordance with the 
present invention less sensitive to the depth of the graft within its scope. 

[00036] As shown in FIGURES 3, 6, and 7, the exterior cover 104 is provided with 
apertures 110 in its lower surface (the surface that in use faces the access site) for 
receiving the emitters 106a and 108a and the detectors 106b and 108b. The apertures 
110 are sized so that the emitters 106a and 108a and the detectors 106b and 108b lie 
flush with the lower surface of the body 102 (that is, the surface that contacts the 
skin). The upper surface of the exterior cover 104 may have a depression formed 
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therein for manufacturing purposes. Alignment pins are used to hold the emitters 
106a and 108a and detectors 106b and 108b on position during molding and leave the 
depressions after the sensor is removed from the mold. 

[00037] Preferably, the exterior cover 104 is provided with markers 114 visible from 
the upper surface for guiding placement of the sensor 100 over the access. As shown 
in FIGURES 3-5, these markers 114 can take the form of indentations in the sides of 
the body 102. As will be appreciated by those of skill in the art, the markers 114 can 
also take other forms, such as printed or inscribed lines, arrows, or other markings. 

[00038] As shown in FIGURES 6 and 6 A, the sensor body 102 is a laminate structure 
comprising a substrate 120 having upper and lower surfaces 120a and 120b, upper and 
lower conducting layers 130 and 132 overlying the upper and lower surfaces 120a and 
120b, respectively, and defining the circuitry of the sensor 100, and a surrounding 
interior cover 140. As discussed in greater detail below, and as shown in FIGURE 
6A, there may also be outer upper and lower adhesive layers (not shown) between the 
upper and lower conducting layers and the interior cover 140 and inner upper and 
lower adhesive layers between the upper and lower surfaces 120a and 120b of the 
substrate 120 and the upper and lower conducting layers. 

[00039] As shown in FIGURE 9, the circuitry 170 associated with the emitter/detector 
element pairs 106a-106b and 108a-108b can be provided as a printed circuit on the 
upper and lower surfaces 120a and 120b of the substrate 120. The interior cover 140 
over the upper conducting layer 130 has access holes therethrough (not shown) at the 
connector fingers 170a of the circuitry 170, and at the component pads 170b of the 
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circuitry 170. Corresponding holes 172 are provided (e.g., by drilling) through the 
interior cover 140 to permit the emitter elements 106a and 108a and the detector 
elements 106b and 108b to be soldered to their respective component pads 170b. 

[00040] The substrate 120 is made of a material, such as a polymide or polyimide- 
containing film, that is flexible enough to conform to the contours of the underlying 
tissue but rigid enough to have body durability. The exterior and interior covers 104 
and 140 and the conducting layers 130 and 132 similarly must be flexible enough to 
conform to the contours of the underlying tissue but rigid enough to have body 
durability. For example, the interior cover 140 can be a flexible, dry-film, soldermask 
material, preferably a polyimide or other imide-containing film, which is applied over 
the substrate 120 and the conducting layers 130 and 132 in a tacky state with heat and 
vacuum and then oven cured onto the substrate 120 so that it bonds directly with the 
conductive layers 130 and 132. The purpose of a soldermask material being to 
encapsulate totally the underlying circuitry to protect it from the intended operating 
environment, the dry-film soldermask must be thick enough to flow over and around 
the component pads and traces of the circuitry during lamination. The substrate 120 
and the upper and lower conducting layers 130 and 132 can be made of DuPont 
Pyralux® AP 9222 double-sided, copper-clad laminate, which is an all-polyimide 
composite of 2.0 mil polyimide film bonded to 2.8 mil 2 oz/ft 2 copper foil. The 
interior cover 140 can be made of 2.5 mil DuPont Pyralux® PC 1025 photoimageable 
coverlay, which is a flexible, dry film solder mask consisting of a combination of 
acrylic, urethane, and imide-based material The exterior cover 104 preferably is a 
plastic material such as urethane or silicone, and more particularly, a rubber silicon 
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with, for example, a thickness of 1 mil. A rubber silicon material with a thickness of 
1 mil has a durometer of 30. 



[00041] The major consideration in the choice of the material and thickness of the 
substrate 120, the conducting layers 130 and 132, the interior cover 140, the adhesive 
(if any), and exterior cover 104 is the total flexibility of the sensor 100. That is, the 
net flexibility of the sensor 100 must meet the above stated requirements for rigidity. 
As will be appreciated by those of skill in the art, there are numerous combinations of 
materials and dimensions that will produce an acceptable flexibility. 

[00042] The requirement for an outer upper and lower adhesive layer is dependent 
upon the composition of the interior cover 140, while the requirement for an inner 
upper and lower adhesive layer is dependent upon the composition of the substrate 
120. For example, certain imide-containing films require an adhesive between the 
substrate 120 and the upper and lower conducting layers 130 and 132 because they do 
not incorporate any adhesive in their outer surfaces; while other imide-containing 
films incorporate a very thin layer of adhesive in their outer surfaces and are 
homogeneous after they are cured and thus do not require a separate adhesive layer 
between the substrate 120 and the upper and lower conducting layers 130 and 132. 
As each adhesive layer (when used) is about 1 mil thick, where it is desired to 
minimize the thickness of the sensor 100 (for example, to enable the sensor 100 to 
more easily conform to the surface of the skin where the access site sits near the 
surface of the skin, or on small arms where a the radius of curvature is tighter, or in 
general in any application requiring that the sensor 100 be more flexible) it is 
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preferable to use materials for the substrate 120 and the interior cover 140 that do not 
require an adhesive. 

[00043] The sensor 100 is connected to an associated monitoring system (not shown) 
by the cable 180. The monitoring system can be a computer including a computer 
processor and memory, and output means such as a video monitor and printer (not 
shown). 

[00044] As shown in FIGURES 10-12, there are two "banana"-shaped photon flux 
paths in the tissue seen by the two detectors 106b and 108b: a first (or sensing) photon 
flux path Fl representing the reflective penetration volume (a) of the sensing emitter 
element 106a through the access A and the access site tissue as seen by the sensing 
detector element 106b in the process of determination of the access Hematocrit H; and 
a second (or normalizing) photon flux path F2 representing the reflective penetration 
(do) of the normalizing emitter element 108a through the non-access site tissue to one 
side of the access site as seen by the normalizing detector element 108b. The 

measurements of a and a 0 can then be used to calculate J ^L] in accordance with 

[b J 

Equation (13) of Application Ser. No. 09/750,076. 

[00045] In order to use indicator dilution techniques to measure vascular access flow 
rates during routine hemodialysis, the indicator must be injected upstream and its 
concentration detected downstream in the blood flowing through the vascular access 
site, as described in co-pending Application Ser. No. 09/750,076. Because the sensor 
100 can detect a dilution signal downstream of the venous needle through the skin, a 
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unique application of indicator dilution principles permits determination of the 
vascular access flow rate without reversal of the dialysis blood lines. The sensor 100 
can be used to carry out the various methods of measuring vascular access blood flow 
rate, as well as the method for locating accesses and grafts and localizing veins in 
normal patients, as described in co-pending Application Ser. No. 09/750,122. 

[00046] Due to the depth of the access site, in order for the full depth of the access site 
to be intersected by the first photon flux path Fl, the spacing between the centers of 
the sensing emitter and detector elements 106a and 106b is typically about 16.8 mm. 
The spacing between the centers of the normalizing emitter and detector elements 
108a and 108b also is typically about 16.8 mm. The spacing between the center of the 
normalizing detector 108b and the line LI defined by the centers of the sensing 
emitter/detector element pair 106a-106b is typically about 16.6 mm. However, other 
separations can be used and may have advantages in controlling depths of penetration 
avoiding competing structures such as bone. 

[00047] Also, an emitter element-detector element separation is required so that the 
reflectance of the first layer of tissue (a non-blood layer of epithelium) does not 
further exaggerate a multiple scattering effect, as discussed in U.S. Patent No. 
5,499,627, which is incorporated herein by reference in its entirety. 

[00048] As indicated above, the emitter elements 106a and 106b are preferably LEDs 
that emit light at a wavelength of 805 nm - 880 nm, and the detector elements 108a 
and 108b are silicon photodiodes, and the exterior cover 104 is formed by molding or 
other means such that the emitter elements 106a and 108a and the detector elements 
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106b and 108b lie flush with the lower surface of the exterior cover 104, that is, the 
surface that faces the skin, so that both of the emitter/detector element pairs 106a- 
106b and 108a-108b lie on the skin. 

[00049] Finally, the sensor 100 can be fastened in place using surgical tape. 
Alternatively, the sensor can be made as a disposable adhesive patch that cannot be 
recalibrated and used again, as described in Application Ser. No. 09/750,076. 

[00050] All other factors remaining the same, when the emitter/detector element pairs 
106a-106b and 108a-108b are arranged in a "T" shape in accordance with the present 
invention, rather than in a linear configuration as in the prior art linear sensor 10 of 
Application Ser. No. 09/750,076, the volume of access, and thus the signal strength, 
are significantly improved. With the improvement in signal strength, the "T"-shaped 
sensor 100 in accordance with the present invention can detect some accesses that 
could not be identified by the prior art linear sensor 10; and the "T"-shaped sensor 
100 in accordance with the present invention can accurately measure accesses that 
could not be viewed "clearly" by the prior art linear sensor 10. In effect, the T- 
shaped configuration of the sensor 100 in accordance with the present invention gives 
more accurate measurements to smaller, shallower, and/or deeper accesses. 

[00051] As shown in FIGURE 7, in vitro experimental results indicate that under the 
same experimental conditions, the signal change detected by the "T"-shaped sensor 
100 in accordance with the present invention is about 40% higher than that detected 
by the prior art linear sensor 10. The increase in signal strength also increased the 
overall TQA calculation slope from 894 to 1187. 
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[00052] Modifications and variations of the above-described embodiments of the 
present invention are possible, as appreciated by those skilled in the art in light of the 
above teachings. It is therefore to be understood that, within the scope of the 
appended claims and their equivalents, the invention may be practiced otherwise than 
as specifically described. 



-17- 



